Glioblastoma multiforme (GBM) is a deadly primary brain tumor. Conditional cytotoxic/immune-stimulatory gene therapy (Ad-TK and Ad-Flt3L) elicits tumor regression and immunological memory in rodent GBM models. Since the majority of patients enrolled in clinical trials would exhibit adenovirus immunity, which could curtail transgene expression and therapeutic efficacy, we used high-capacity adenovirus vectors (HCAds) as a gene delivery platform. Herein, we describe for the first time a novel bicistronic HC-Ad driving constitutive expression of herpes simplex virus type 1 thymidine kinase (HSV1-TK) and inducible Tet-mediated expression of Flt3L within a single-vector platform. We achieved anti-GBM therapeutic efficacy with no overt toxicities using this bicistronic HC-Ad even in the presence of systemic Ad immunity. The bicistronic HC-Ad-TK/TetOn-Flt3L was delivered into intracranial gliomas in rats. Survival, vector biodistribution, neuropathology, systemic toxicity, and neurobehavioral deficits were assessed for up to 1 year posttreatment. Therapeutic efficacy was also assessed in animals preimmunized against Ads. We demonstrate therapeutic efficacy, with vector genomes being restricted to the brain injection site and an absence of overt toxicities. Importantly, antiadenoviral immunity did not inhibit therapeutic efficacy. These data represent the first report of a bicistronic vector platform driving the expression of two therapeutic transgenes, i.e., constitutive HSV1-TK and inducible Flt3L genes. Further, our data demonstrate no promoter interference and optimum gene delivery and expression from within this single-vector platform. Analysis of the efficacy, safety, and toxicity of this bicistronic HC-Ad vector in an animal model of GBM strongly supports further preclinical testing and downstream process development of HC-Ad-TK/TetOn-Flt3L for a future phase I clinical trial for GBM.
Glioblastoma multiforme (GBM) is the most common primary brain tumor in adults, affecting ϳ18,000 new patients every year; its prognosis remains poor despite standard treatment with surgery, radiotherapy, and chemotherapy (temozolomide) (36) (37) (38) 44 ; J. C. Buckner, presented at the ASCO Annual Meeting, 2009). Complete resection is mostly impossible due to the highly infiltrative nature of this disease. Residual GBM cells remaining within the nonneoplastic brain parenchyma eventually lead to tumor recurrence that is resistant to conventional chemotherapy and radiotherapy, ultimately leading to the patient's death (44) . Several dendritic cell vaccination strategies aiming to stimulate the patient's immune system to seek out and destroy residual brain tumor cells are currently under preclinical and clinical development and constitute a promising adjuvant treatment for GBM (18, 24, 42, 43, 45) .
We have developed a novel immunotherapeutic approach for GBM using first-generation adenoviral vectors (Ads) to deliver a combination of therapeutic transgenes into the tumor mass (2, 7, 9, 12, 14, 17, 48) which is slated to begin phase I clinical testing this year. In our strategy, rather than vaccinating against tumor antigens, we aim to reconstruct an immune circuit that is absent from the normal brain. Our gene therapy strategy consists of the conditionally cytotoxic herpes simplex virus type 1 thymidine kinase (TK) (2, 12) , which kills proliferating tumor cells in the presence of the prodrug ganciclovir (GCV), used in combination with human soluble Fms-like tyrosine kinase 3 ligand (Flt3L), which recruits bone marrowderived dendritic cells (DCs) to the normal brain or brain tumor microenvironment in mice (11, 12) and rats (1, 13) . We previously showed that codelivery of Ad-Flt3L and Ad-TK into the brain tumor milieu induces an anti-GBM-specific immune response (9, 12, 17, 27, 48) , leading to long-term survival of rats bearing intracranial CNS1, 9L, and F98 tumors (2, 17, 27) and mice bearing intracranial GL26, GL261, and B16-F10 tumors (12, 48) . In addition, the combination of Ad-Flt3L plus Ad-TK induces GBM-specific immunological memory that improves survival in intracranial multifocal and recurrent models of GBM in both rats and mice (9, 12, 17, 20, 22, 27) .
First-generation adenoviral vectors have been used in clinical trials to deliver HSV1-TK (31) . Ad-TK delivered into the margins of the tumor cavity after surgical resection of GBM was well tolerated in over 70 patients in six early clinical trials (19, 34) . Publication of final results from a large, multicenter phase III trial involving 251 patients is awaited; preliminary analysis indicates small but statistically significant benefits from adding gene therapy to standard care. Final analysis will have to wait for the detailed publications (3, 16) .
To provide stable, long-term therapeutic transgene expression, "gutless," high-capacity adenoviral (HC-Ad) vectors have been engineered in which all viral encoding genes have been eliminated and replaced with inert, noncoding stuffer DNA sequences (26, 30) . In the presence of an anti-adenoviral immune response, transgene expression in the brain from firstgeneration Ads is reduced, while expression from HC-Ad vectors remains stable for at least 1 year (4, 25, 28) . Therefore, we engineered two HC-Ad vectors to either constitutively express TK (HC-Ad-TK) (21, 27) or express Flt3L under the control of the tightly regulatable mCMV-TetOn expression system (HCAd-TetOn-Flt3L) (6, 8, 27, 47) . Intratumoral administration of HC-Ad-TK and HC-Ad-TetOn-Flt3L led to high levels of therapeutic efficacy, and the therapy was well tolerated, with no overt toxicity and no spread of vector genomes outside the injected brain hemisphere in treated Lewis rats bearing syngeneic intracranial brain tumors (27) .
To reduce vector dose and facilitate GMP manufacturing of the clinical product, we engineered a novel, bicistronic HC-Ad vector that encodes, for the first time, both constitutively expressed HSV1-TK and inducible Flt3L from a single HC-Ad vector genome. Herein we demonstrate therapeutic efficacy of the bicistronic HC-Ad in naïve rats bearing intracranial tumors and also in tumor-bearing rats which had been exposed to adenoviruses and therefore exhibited anti-Ad immunity. The safety profile of this approach was assessed by evaluating the biodistribution of HC-Ad vector genomes, systemic and neurological toxicity, and behavioral abnormalities over the course of 1 year posttreatment. These data represent the first report of a bicistronic vector platform driving the expression of two therapeutic transgenes, i.e., constitutive HSV1-TK and inducible Flt3L. Further, our data demonstrate no promoter interference and optimum gene delivery and expression from within this single-vector platform. Analysis of the efficacy, safety, and toxicity of this bicistronic HC-Ad vector in an animal model of GBM strongly supports further preclinical testing and downstream process development of HC-Ad-TK/TetOn-Flt3L for a future phase I clinical trial for GBM.
MATERIALS AND METHODS
Engineering of HC-Ad plasmid. To generate the HC-Ad vector genome plasmid, the previously described HC-Ad shuttle plasmid encoding tetracycline-inducible expression of Flt3L (pBS-MSC1m-mCMV-TetOn-TRE-Flt3L) (6, 17, 46, 47) was cut with AscI to excise the intact mCMV-TetOn-TRE-Flt3L expression cassette, which was then blunt-end cloned into NheI sites of pBS-MSC1m-hCMV-TK (6, 17, 21) , an HC-Ad shuttle plasmid encoding TK under the control of the constitutively active human cytomegalovirus (CMV) promoter, to generate the final HC-Ad shuttle plasmid pBS-MCS1m-hCMV-TK/mCMV-TetOn-Flt3L (see Fig. S1 in the supplemental material). The previously described HC-Ad vector genome plasmid pSTK120.1 (47) was modified to accept the large bicistronic expression cassette by PmlI-mediated excision of an additional ϳ6-kb stuffer sequence to generate the new HC-Ad genome plasmid pSTK120.2. The entire bicistronic expression cassette was excised from pBS-MCS1m-hCMV-TK/mCMV-TetOn-Flt3L with NotI and cloned into the EagI site of pSTK120.2 to generate the bicistronic HC-Ad vector genome plasmid pSTK120.2-hCMV-TK/mCMV-TetOn-Flt3L. Each constituent and junctions of the bicistronic expression cassette were analyzed by sequencing analysis at the UCLA Sequencing Core (see Fig. S2 in the supplemental material) .
Adenoviral vectors. The rescue, amplification, and quality control of the HC-Ad vector HC-Ad-TK/TetOn-Flt3L and the first-generation adenoviral vector Ad-0, used for immunization, were performed as described by us previously (6, 29, 47) .
In vitro characterization of HC-Ad vectors. CNS1 cells and primary astrocytes were seeded (25,000/well) and infected 24 h later with the HC-Ad at a multiplicity of infection of 2,000 viral particles (vp)/cell. Transgene expression was assessed by enzyme-linked immunosorbent assay (ELISA) (R&D Systems) and immunocytochemistry (ICC) as described by us previously (1, 12, 27) . TK cytotoxicity was assessed by flow-cytometric analysis of propidium iodide-annexin V-stained cells (9, 12, 15, 27) . Rat brain tumor model. A total of 4,500 rat GBM CNS1 cells (3 l) were stereotactically implanted in the right striatum of syngeneic Lewis rats (220 to 250 g; Harlan, Indianapolis, IN) as described previously (5, 9, 27) . Six days later, rats received an intratumoral injection of either 5 ϫ 10 9 vp HC-Ad or saline. The total volume delivered was 3 l (delivered in three locations ventral of the dura: 5.5, 5.0, and 4.5 mm) into the tumor mass. Starting 2 days before HC-Ad administration, rats were fed doxycycline (DOX)-containing chow ad libitum as described previously (27) . Twenty-four hours after treatment, rats received GCV (25 mg/kg, intraperitoneally), twice daily for 10 days. All experimental procedures were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Preimmunization studies. Animals were systemically preimmunized with Ad-0 two weeks before injection of CNS1 tumors as described by us previously (27) . Blood was collected by retro-orbital bleeding during implantation of CNS1 tumors, and circulating levels of anti-adenovirus neutralizing antibodies were assessed as described before (21) . Six days after tumor implantation, rats received intratumoral treatment with the bicistronic HC-Ad as described above.
Biodistribution of vector genomes and quantification of Flt3L transgene copies in the brain. Analysis of biodistribution of vector genomes was performed using quantitative PCR (qPCR) at 5 days, 30 days, 6 months, and 1 year posttreatment as described previously (27, 32, 33) . Total DNA was purified from the brain hemispheres ipsilateral and contralateral to the brain tumor injection site, cerebellum, brain stem, spleen, liver, testes, gut, lung, heart, cervical draining lymph nodes, kidney, and lumbar spinal cord and used for the quantitation of vector genomes and Flt3L transgene copies. Vector genomes and Flt3L transgene copies are shown as the number of vector genomes/25 mg of tissue. Results are based on five rats per group.
Neuropathological analysis. Neuropathological analysis was performed at 5 days, 30 days, 6 months, or 1 year posttreatment as described previously (9, 21, 27) .
Assessment of Flt3L expression in brain tissue. Analysis of Flt3L expression in the brain of treated animals was performed 5 days and 30 days posttreatment using an Flt3L-specific ELISA as described previously (13, 27) .
Analysis of blood biochemistry. At 5 days, 30 days, 6 months, and 1 year posttreatment, blood was collected and a comprehensive panel of serum chemistry and hematologic parameters was performed by Antech Diagnostics (Irvine, CA). Blood from naïve, age-matched animals was used to establish reference values (27) . The median, minimum, and maximum values for each parameter are shown.
Behavioral analysis. The long-term behavioral impact of intratumoral delivery of HC-Ad was evaluated 1 year posttreatment by assessing amphetamine-induced rotational behavior, asymmetry abnormalities in forelimb use, and spontaneous motor and rearing behavior as described previously (20, 27) . Naïve, age-matched Lewis rats were used as controls.
Statistical analysis. Sample sizes were calculated to detect differences between groups with a power of 80% at a 0.05 significance level using PASS 2008 (power and sample size software; NCSS, Kaysville, UT). Data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey's posttest or twotailed Student's t test (NCSS). Kaplan-Meier survival curves were analyzed using the Mantel log-rank test (GraphPad Prism version 3.00; GraphPad Software, San Diego CA). P values of less than 0.05 were used to determine the null hypothesis to be invalid. The statistical tests used are indicated in the figure legends. (Fig. 1B) . Flt3L expression was also confirmed by immunofluorescence in the presence of DOX. Expression of TK in HCAd-infected cells was visualized by immunofluorescence in both GBM cells and astrocytes (Fig. 1C) . However, cytotoxic effects were observed only in the presence of the prodrug GCV in CNS1 glioma cells. Low levels of cell death were observed in HC-Ad-infected primary astrocytes cultured in the presence of GCV (Fig. 1C) . This is likely due to low levels of cell prolif- Using Flt3L and TK encoded on two separate HC-Ad vectors, we showed previously that up 5 ϫ 10 9 vp of each HC-Ad vector can be safely administered via intratumoral injection into tumor-bearing rats with high levels of therapeutic efficacy and negligible levels of toxicity (27) . Thus, we selected the maximum tolerated dose (5 ϫ 10 9 vp of HC-Ad) for this study to assess the efficacy, neuropathology, biodistribution, and behavioral abnormalities associated with intratumoral delivery of HC-Ad-TK/TetOn-Flt3L ( Fig. 2A and B) . Rats bearing intracranial CNS1 tumors received an intratumoral injection of 5 ϫ 10 9 vp of the therapeutic HC-Ad vector or saline. GCV was administered twice daily for 10 days. Rats received DOX- vp of therapeutic HC-Ad vector led to tumor regression and survival for at least 1 year in ϳ75% of rats (Fig. 2C ). Since most patients undergoing gene therapy clinical trials will exhibit evidence of previous exposure to adenovirus (10) , we assessed the efficacy of HC-Ad-TK/TetOn-Flt3L in a preclinical setting that models this likely clinical scenario. Lewis rats were systemically immunized with a first-generation Ad vector without a transgene (Ad-0). Successful immunization against adenovirus was confirmed using an anti-Ad neutralizing-antibody assay (data not shown) (4, 21, 27, 41, 47) . Preimmunized animals were implanted with CNS1 cells and then treated with HC-Ad (Fig. 2B) . HC-Ad treatment led to more than ϳ75% survival in immunized rats for at least 2 months (Fig. 2D) . Based on our previous experience with the CNS1 tumor model, it is very rare for animals to succumb to tumor burden beyond 50 days posttreatment; furthermore, this time frame is sufficient to assess anti-GBM immunological memory (2, 9, 17, (20) (21) (22) 27) . Flt3L protein expression and copies of Flt3L transgene decrease within 30 days of HC-Ad delivery. The levels of Flt3L protein and transgene copies were determined in the brain 5 and 30 days after intratumoral administration of the bicistronic HC-Ad in naïve tumor-bearing rats. Analysis of Flt3L protein content in the brain by ELISA revealed that Flt3L is present only in the brain hemisphere ipsilateral to the injection at 5 days posttreatment, although one animal displayed higher levels of Flt3L protein in the HC-Ad-treated brain hemisphere than the other four treated animals. Statistical analysis reveals that levels of Flt3L in the brain hemisphere ipsilateral to the injection would remain significantly elevated if this animal were to be considered an outlier and consequently removed from the data analysis. However, we believe that inclusion of all individual rats in the data analysis more accurately reflects the true biological effects and consequences of HC-Ad-TK/ TetOn-Flt3L treatment of test subjects bearing syngeneic brain tumors, and this animal was therefore included in the data presentation and statistical analysis. Flt3L protein was undetectable in the brain at day 30 (Fig. 2E) . Flt3L protein was not found in the contralateral brain hemisphere at either time point. We also quantified the copies of the Flt3L transgene using real-time quantitative PCR (qPCR). There was an ϳ50-fold decrease in the levels of Flt3L transgene in the injected brain hemisphere between 5 days and 30 days after HC-Ad injection. Copies of the Flt3L transgene were below detectable limits in the contralateral brain hemisphere at both 5 days and 30 days after HC-Ad injection (Fig. 2F) .
RESULTS

In vitro characterization of HC-
Biodistribution of bicistronic HC-Ad vector genomes is restricted to the injected brain hemisphere at all time points tested. We assessed the biodistribution of HC-Ad vector genomes in the central nervous system and in peripheral organs 5 days, 30 days, 6 months, and 1 year after treatment using qPCR analysis (27, 32) . Bicistronic HC-Ad genomes were restricted to the injected brain hemisphere at all time points tested (Fig. 3) . A decrease in HC-Ad vector genomes was detected between day 5 and day 30 after HC-Ad delivery, which is in agreement with the decline in the levels of Flt3L transgene copies and protein observed during the same period (Fig. 2F) . Importantly, HC-Ad vector genomes were below detectable limits in all peripheral organs, including the liver, as well as other regions of the central nervous system (CNS) at all ration of the normal brain architecture was observed at the 6-month and 1-year time points, with the exception of minor ventriculomegaly in the brain hemisphere that harbored the tumor. Residual macrophages were localized in the scar left after tumor regression at 1 year posttherapy.
Immunocytochemical characterization of transgene expression revealed abundant cells expressing TK and Flt3L within the tumor mass 5 days after the treatment (Fig. 4) . The presence of transgene-expressing cells declined as the tumor regressed, and by 6 months and 1 year, only a few positive cells, most probably nonneoplastic cells transduced with the bicistronic HC-Ad, remained surrounding the scar area. The longterm expression of TK in normal brain cells further highlights the idea that conditional cytotoxicity of TK in combination with GCV does not kill normal brain cells and is a safe cytotoxic approach for brain cancer. The long-term safety of TK (plus GCV) in the normal brain is supported by our previous work in which naïve, non-tumor-bearing animals injected with adenoviral vectors encoding TK (plus GCV) did not exhibit any evidence of neurotoxicity at 7 days or 60 days postinjection (9) , and the long-term survivors treated with an adenovirus encoding TK (plus GCV) displayed evidence of TK immunoreactivity in the normal brain 3 months postdelivery with no indication of pathology in the TK-immunoreactive cells (15) .
In order to detect any possible systemic side effects, serum chemistry and blood cell counts were assessed in the blood of tumor-bearing rats 5 days, 30 days, 6 months, and 1 year posttreatment (Table 1; also, see Tables S1 and S2 in the supplemental material). Analysis of biochemical laboratory parameters indicated normal liver and renal function; values of aspartate transaminase (AST), alanine aminotransferase (ALT), bilirubin, urea, and creatinine were within the normal range of age-matched naïve animals at all time points tested. Red and white cell counts in the treated animals were also within normal ranges, indicating that Flt3L expression in the brain tumor does not substantially alter the levels of circulating immune cells.
Behavioral consequences of tumor regression induced by treatment with bicistronic HC-Ad vector. To determine whether intratumoral delivery of HC-Ad-TK/TetOn-Flt3L induces chronic neurological deficits, the long-term survivors underwent a panel of neurobehavioral testing 1 year after treatment. Analysis of amphetamine-induced rotational behavior, total locomotor activity, and rearing activity did not reveal any behavioral abnormalities compared to age-matched naïve controls (Fig. 5A, C, and D) . Abnormalities in forelimb use asymmetry were detected in HC-Ad-treated long-term survivors after 1 year. However, we previously showed that differences in forelimb use asymmetry do not appear to be HC-Ad dose dependent (27) and are, thus, likely a residual consequence of regression of a very large intracranial brain tumor mass (Fig. 5B) .
DISCUSSION
Immunotherapies constitute a promising approach for the treatment of GBM (2, 7, 12, 14, 17, 43) due to the diffuse and infiltrative nature of the disease (44) . Using first-generation adenoviral vectors as gene delivery vehicles, we have pioneered a cytotoxic/immune-stimulatory approach combining delivery of TK and Flt3L therapeutic genes directly to the tumor mass. We have previously demonstrated the therapeutic efficacy of this approach in rat and mouse syngeneic intracranial models of brain cancer (2, 9, 12, 17, 20, 22, 27, 48) . The molecular mechanism of action of our treatment involves Flt3L-mediated recruitment of DCs into the GBM microenvironment; DCs phagocytose endogenous brain tumor antigens released in response to tumor cells' killing induced by Ad-TK (ϩGCV) (12) . In addition, gene therapy-induced cell death releases HMGB1, a TLR2 agonist which is necessary for the activation of DCs and the subsequent activation of a systemic anti-GBM immune response (12) . DCs loaded in situ with brain tumor antigens then migrate to the draining lymph node, where they present tumor antigen to naïve T cells, thus inducing a brain tumorspecific immune response (9, 12) and generating immunological memory that protects against recurrent brain tumors (12, 20, 27) . A multicenter, dose-escalating phase I clinical trial testing this therapeutic approach in patients with recurrent high-grade glioma is scheduled to commence this year.
We recently published a study demonstrating therapeutic efficacy and a high safety profile of two separate high-capacity, gutless adenoviral vectors, each encoding either Flt3L or TK, to treat rats bearing intracranial brain tumors (27) . Due to the complete deletion of all viral coding genes, HC-Ads do not express any viral antigens, and thus, cells infected with HC-Ads are not targeted by the anti-adenoviral immune response. This facilitates long-term transgene expression in the brain, even in the presence of a systemic anti-adenoviral immune response (4, 21, 27, 40, 41, 47) . Another advantage of the HC-Ad vector platform is their ability to encode large, complex expression cassettes, such as the inducible TetOn expression cassette (27, 47) . Due to the limited insert capacity of first-generation adenoviral vectors (Ads), it is impossible to package these large expression cassettes into viable vectors.
In this study, we tested the hypothesis that a single HC-Ad vector encoding constitutively expressed TK and inducible expression of Flt3L would be efficacious and safe, even in the presence of anti-Ad immunity, as could be present in humans undergoing clinical trials (10) . The GBM model used, i.e., CNS1 cells implanted into the striatum of Lewis rats, develops into large macroscopic tumors that exhibit many of the histopathological features displayed in human GBM (5) . Although the degree of invasion encountered in this model is modest and this could be considered a limitation of the model, due to its reproducibility, high penetrance, and development in an immune-competent host, it remains one of the most valuable models in which to test novel therapeutic modalities for GBM. We have previously established that the 5 ϫ 10 9 vp dose of HC-Ad is the maximum tolerated dose that can be safely administered in the CNS1 brain tumor model without adverse side effects (27) . At the time of vector delivery, the tumor is a large macroscopic mass; thus, the ratio of vector particles versus CNS1 cells is significantly lower. In the clinical scenario, we propose to deliver the therapeutic HC-Ad vector into the margins of the tumor bed, thus significantly increasing the ratio of HC-Ad viral particles to tumor cells.
Our results demonstrate the high therapeutic efficacy and corresponding reduction of the tumor mass within 30 days of treatment in Ͼ75% of rats. Tumor regression occurred concomitantly with a reduction in the copies of HC-Ad vector genomes and the content of Flt3L protein in the brain. These data suggest that tumor cells transduced with HC-Ad vectors are rapidly eliminated upon treatment. The absence of Flt3L protein in the brain could also be partially attributed to the cessation of DOX administration, which turns off Flt3L expression, 2 days before the Flt3L protein was measured. These results highlight the tight regulation of our TetOn switch and are congruent with our previously published results on the kinetics of DOX regulation of transgene expression in vivo (47) . The major concern for encoding both cytotoxic (TK) and immune-stimulatory transgenes (Flt3L) on a single vector is that TK-mediated killing of transduced cells could prematurely diminish the immune stimulatory effects of Flt3L, inducing the recruitment of DCs to the brain tumor. However, similar levels of therapeutic efficacy and elimination of HC-Ad genomes were observed in our previous preclinical study using Flt3L and TK encoded on two separate HC-Ad vectors (27) , suggesting that encoding both cytotoxic and immune stimulatory transgenes on a single HC-Ad vector is a feasible and efficacious therapeutic approach in both naïve rats and animals systemically immunized against adenovirus. The preservation of brain architecture, the absence of severe long-term behavioral deficits 1 year after treatment, and the absence of significant chronic inflammation in the brain provide strong evidence of the safety of this bicistronic approach. While we did not assess neuropathology and serum chemistry in HC-Ad-treated preimmunized animals, HC-Ad vectors are completely devoid of all viral protein-encoding genes and thus have a safe immunological profile. Therefore, we do not expect any differences in the neuropathology or serum chemistry of these animals, and our previous studies of HC-Ads delivered into the normal brain (4, 40, 41) and into a CNS1-derived brain tumor (21) indicate this to be the case. Importantly, our data showing the organs. This is in agreement with our previous study using two HC-Ad vectors (27) and also in accordance with recent preclinical studies assessing the safety and biodistribution of firstgeneration and oncolytic adenoviral vectors following intracranial injection in naïve rodents (23, 35) . In addition to the advantages to downstream process development and GMP manufacture, the incorporation of both Flt3L and TK into a single HC-Ad vector would enhance the safety of this approach by reducing the total viral load by half compared to the two-vector approach. As the maximum amount of vector that can be injected is limited by vector dose-mediated toxicity, our strategy maximizes therapeutic transgene expression per total viral load, thus reducing the inflammatory impact on the brain. It is important to note that we did not observe any evidence of chronic inflammation in the brains of tumor-bearing animals treated with the bicistronic HC-Ad in our study (Fig. 4) , suggesting that the maximum tolerated dose of this vector could be further escalated. Also, a recent study demonstrated that large-scale preparation of HC-Ad vectors can be produced using adherent cells in cell factories, a technology which is easily translatable to the production of clinical-grade HC-Ads for human clinical trials (39) . In summary, the efficacy and safety of using a bicistronic HC-Ad vector in clinically relevant animal models strongly support the further development of HC-Ad-TK/TetOn-Flt3L as a second-generation delivery platform for its future implementation in phase I clinical trials for GBM.
